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State of the art: single event sensitivity, 10-12

10-8: 6200 events

10-10: 2 events

<4.7 10-12

10-11:      4 events



Standard Model CP Violation
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Four super-clean processes will challenge the Standard Model:



K → πνν in the Standard Model

K+ → π+νν̄ K0
L → π0νν̄

Top Quark Dependence |λt|= |V ∗
tsVtd| Im(λt)=Im(V ∗

tsVtd)

SM BR (10−11) 7.2 ± 2.1 2.6 ± 1.2

Est. Theory Uncertainty 7% (charm) 2%

• Negligible long distance effects (10−13).

• Hadronic matrix elements from isospin analog

K+ → π0e+νe.
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SK andψ π ν ν→ →B K
a π
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(Nir and Worrah, Phys. Lett.  1998)B319

SM

Differences sensitive to new physics – virtually free of uncertainties.
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LHCB/BTEVB-Factory EraK πνν→

(| |)tdVσ

( )σ ρ

( )σ η

(sin 2 )σ β

(Im )tσ λ

0.05±

0.16(0.12)±

0.04(0.03)±

10%(9%)± 5.5%(3.5%)± 5%(2.5%)±

14%(11%)± 10%(6%)±

0.03±

0.04±

0.06±

0.01±

0.02±

5%±

Comparison of Precision from Future 
K and B Measurements

(Buras,1999)
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BNL E787(E949)

K π νν+ +→Measurement of



Special Features of Measuring K π νν+ +→

• Determine everything possible about the K+ and π+

* π+/µ+ particle ID better than 106 ( π+-µ+-e+ )
• Eliminate events with extra charged particles or photons

* π0 inefficiency < 10-6

• Suppress backgrounds well below the expected signal (S/N~10)
*  Predict backgrounds from data: dual independent cuts
*  Use “Blind analysis” techniques 
*  Test predictions with “outside-the-box” measurements
• Evaluate candidate events with S/N function
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Background Processes: Range vs. Momentum

Signal Box



 Decay Sequence Measurements 500 MHz Transient Digitizers
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Dual Cut (Bifurcated) Analysis Method
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Loosening the cuts to check for correlations



E787 Background Estimates
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Figure 3: Allowed region in the ρ̄ − η̄ plane with the inclusion of B(K+ → π+νν̄) and
without Bd–B̄d data. The two external contours denotes 68% and 90% confidence in-
tervals; the inner (dotted) one is the 68% confidence interval under the assumption that
experimental error in (1) is reduced by a factor two.
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Figure 2: Allowed region in the ρ̄ − η̄ plane using only theoretically clean observables:
90% C.L. interval imposed by sin(2β) (dashed); 90% C.L. limit from the upper bound on
∆MBd

/∆MBs (full); 90% C.L. limit from the lower bound on B(K+ → π+νν̄) (dotted).
For comparison the 68% and 90% C.L. ellipses from the global fit in Fig. 1 are also shown.

Impact of E787 and E949 on Flavor Physics

E787 and other clean
observables (90%  CL)

Possible E949 result
favoring Non-SM 

D’Ambrosio and Isidori, 2002
hep-ph/0112135

E949 at the 
E787 BR
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K π νν+ +→ Future Prospects
BNL E949  (2002- )

Upgrade of E787 detector
Improved photon vetos – truly hermetic coverage
Access to the low momentum region

Sensitivity goal:   <10-11

Order of magnitude improvement beyond E787
Factor 5-10 below the SM prediction

Muon momentum (MeV/c)

0

100

200

300

400

500

600

220 225 230 235 240 245 250

+ Momentum from Kµ µ ν+ +→
E787

E949 at
2x rate
of



CKM Apparatus
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FNAL CKM (~2007- ) 
New in-flight technique - RF-separated K beam
Particle ID : RICH
Sensitivity goal:  <10-12

Momentum simulation:
RICH vs Tracking
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E�ective BR

Background source (�10�12)

K+

! �+�� < 0:04

K+

! �+�0 3:7

K+

! �+�mu
 < 0:09

K+A! KLX;KL ! �+e��e < 0:14

K+A! �+X in trackers < 4:0

K+A! �+X in residual gas < 2:1

Accidentals (2 K+ decays 0:51

Total < 10:6

CKM Goal: 100 events with S/N>7



Measurements vs. YearK π νν+ + →

CKM



0 0
LK e eπ + − →

Probing CP Violation with Rare Kaon Decays

0 0
LK π νν→

Difficult to get at short distance physics due to 
long distance strong interaction effects and other 
complications. Progress is being made.

The Golden Mode! – but can it be measured?

0 0 4 210 11: R( ) 4Pr .1 10 2.6edicti   1.2 0n 1o LK xM A xS π νν η− −→ = ±∼
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 KTEV (FNAL) result:

 KEK E391a : s.e.s. 

 KOPIO (BNL) : s.e.s
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Missing mass (2Emiss
1 Emiss

2 cosθ12) vs.
Missing energy (Emiss

1 + Emiss
2 )

0 0 0
L K π π→Photon vetoing & Kinematics:

Suppress events with low energy photons

Photon Vetoing
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Charged Particle Vetoing
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Features: * Pencil Beam                  * Pilot  Project for JHF
* High acceptance            * Test reliance on extreme
* High PT selection                 photon veto efficiency

KEK PS



KEK Neutral Beam Measurements
H. Watanabe (2002)

Neutrons



KOPIO: Measurement of K0
L → π0νν̄

CONCEPTS

• Measure as much as possible:

Energy, position and ANGLE of each photon.

• Work in the C.M. system :

Use TOF to get the K0
L momentum.

• Maximize Photon Veto Efficiency

• Maximize Intensity of Microbunched Beam



KOPIO Beam and Constraints



Parameter Minimal Expected
Requirement Performance

Eγ resolution 3.5%/
√

E 2.7%/
√

E
θγ resolution (250MeV) (25 − 30) mr 23 mr

tγ resolution 100ps/
√

E 50ps/
√

E
xγ, yγ resolution(250MeV) 10mm < 1mm
µ-bunch width 300ps 200ps
γ-veto inefficiency εE787 0.3εE787

Shashlyk calorimeter

2 X0 Preradiator

Beam γ veto

√

Scintillator

Paper + lead
+ paper

PM tube

50   m steel
tapes



KOPIO Prototype Measurements – Tagged Photon Beams

Preradiator
Angular resolution:
25 mr at 250 MeV/c

Shashlyk 
Calorimeter resolution:
<4% at E=1 GeV



Simulation: Combined Energy Resolution

3%
( )E GeV

σ ∼
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1 2.E vs E Eγ γπ −

0 0
L K π νν→

0 0 0
L K π π→

Kinematic suppression of backgrounds
Goal: >50 Events with S/N>2



Summary and Outlook
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